To improve the surface quality and casting speed of the slab further, a new type mold oscillator synchronously driven by double servomotors was proposed in this paper. The experimental prototype was designed and manufactured. For the non-sinusoidal oscillator, the waveform modification ratio could be adjusted during the steel continuous casing operation. Firstly, the working principle of the oscillator was described. Secondly, the rotating rules of the servomotor to realize non-sinusoidal oscillation waveform for entire function were given. Finally, the laboratory experiments were made. The experiment results show that the error of the two-side oscillation curves is smaller and the actual technological parameters are close to the theory and the oscillator can realize non-sinusoidal oscillation well. This kind of non-sinusoidal oscillator provides a feasible scheme for reducing oscillator investment, increasing casting speed and enhancing slab quality.
I. INTRODUCTION
Continuous casting mold is regarded as the heart of the caster. And mold non-sinusoidal oscillator need ensure the heart working normally, which is one of the key technologies to realize highly efficient continuous casting. Non-sinusoidal oscillation has the advantages of shorter negative strip time, longer positive strip time, larger negative strip distance, which can shallow the marks, melts a larger amount of slag and reduces the friction force between the mold and slab. And it can enlarge the demoulding force for removing the slab from the mold also. Currently, non-sinusoidal oscillation research mainly focuses on the oscillation waveform function and oscillator. Therefore, the non-sinusoidal oscillator with lower cost, high reliability and precision is pursued by metallurgical industry [1] - [4] .
Nowadays, there are mainly three types of driving mode for the oscillator, which are hydraulic cylinder, servo electric cylinder and mechanical driving [5] , [6] . The different driving modes are compared, shown in Table 1 . The oscillator driven by the hydraulic cylinder or the servo electric The associate editor coordinating the review of this manuscript and approving it for publication was Zhixiong Peter Li . cylinder can realize all the non-sinusoidal waveform functions, and the oscillation frequency, modification ratio and amplitude can be adjusted during the operation [7] , [8] . The oscillator driven by hydraulic cylinder is widely applied. VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ Several mechanical driving oscillators were developed in China. Zhang et al. [9] , [10] presented non-sinusoidal oscillator driven by the elliptical gears, which had been applied to several casters and had better technological effect. Antiparallel four-barlinkages full leaf springs mold oscillator was proposed by Zhang et al. [11] , [12] . Its working principle was the same to the elliptical gears. Mold non-sinusoidal oscillator driven by a pair of speed integration gears was developed by Liu et al. [13] , [14] . The integration design of the noncircular gear achieves high efficiency and light weight. Non-sinusoidal oscillation of mold driven by double eccentric shafts was developed by Zhang et al. [15] , [16] . The investment and the maintenance are lower. In Brief, the mechanical driving oscillators mentioned above have simple system, lower investment and maintenance cost, but the oscillation waveform and modification ratio cannot be adjusted online, which limits the casting speed and surface quality of slab improving further.
In the paper, non-sinusoidal oscillator driven by double servomotors was proposed which oscillation waveform and modification ratio can be adjusted during the operation. And the amplitude can be changed with the oscillator stopping. For the oscillator, by controlling the angular speed of double servomotors, all the oscillation waveforms can be realized, and the sinusoidal and non-sinusoidal waveform can be switched conveniently. In order to further study and applicate the oscillator, the experiment porotype was designed and manufactured, which would provide important test results to guide industrial practice.
In summary, the main contributions of this study are as follows: Section 2 describes the non-sinusoidal oscillator and its working principle. In Section 3, the non-sinusoidal oscillation waveform is given and the angular speed of the servomotor is presented. In section 4, the experiment results are illustrated and the effectiveness of the oscillator is discussed. In Section 5, the conclusions are provided.
II. MOLD NON-SINUSOIDAL OSCILLATOR
Non-sinusoidal oscillator driven by double servomotors is shown in Fig.1(a) , which is mainly composed of driving system, linkages, leaf springs, buffer springs and oscillation table. The oscillator is symmetrical and a half model is shown in Fig.1(b) . From Fig.1(b) , it can be seen that the eccentric shaft is driven by the servomotor and planetary reducer. and the oscillation table is pushed by the linkages. the linkages are driven by the eccentric shafts. When the servomotor rotates in an invariant rotation speed, the sinusoidal oscillation of oscillation table can be realized. While the servomotors rotate in a special variant speed, the non-sinusoidal oscillation can be realized. Double Servomotors rotate at reverse direction synchronously and the stationarity of oscillation table can be ensured.
III. NON-SINUSOIDAL OSCILLATION WAVEFORM AND ANGULAR SPEED OF THE SERVOMOTOR
The entire function of non-sinusoidal oscillation waveforms [17] , [18] are given as follows. 
The velocity function of non-sinusoidal oscillation is
The acceleration function of non-sinusoidal oscillation is
where M = cot π 4 (1 + α) . When amplitude h equals 6 mm, oscillation frequency f equals 2Hz, waveform modification ratio α equals different values, the displacement waveform, velocity waveform and acceleration waveform are shown in Fig.2 . And when α equals 0, the non-sinusoidal oscillation is switched to sinusoidal oscillation.
The schematic diagram of eccentric shaft driving oscillation table through the linkages shown in Fig.3 . The vertical displacement at point A of the linkage can be determined as
Because the linkage is much longer than the eccentricity of the eccentric shaft, the displacement of oscillation table can be considered the same as the vertical displacement of point A, shown in Fig. 4 . So according to Eq.(1) and Eq.(4), the angular speed of the eccentric shaft can be calculated and be expressed as
Since the servomotor rotates in a single direction continuously, considering the transmission ratio of the planetary 
From Eq. (6), it can be seen that the angular speed of servomotor is affected by the modification ratio and oscillation frequency and it is unrelated to the amplitude. So, the oscillation frequency and the modification ratio can be adjusted by changing the angular speed on line. If the parameters are changed, the angular speed of servomotor should be recalculated. The amplitude can also be changed with the oscillator stopping. When oscillation frequency f equals 2 Hz, transmission ratio is 7, and modification ratio for non-sinusoidal oscillation equals different constants, the angular speed curves of servomotor are shown in Fig.4 . As long as the servomotor rotates according to Eq.(6), shown in Fig.4 , the entire function of non-sinusoidal oscillation expressed by Eqs.(1),(2),(3) shown in Fig.3 can be realized.
IV. NON-SINUSOIDAL OSCILLATION EXPERIMENT AND RESULTS
When amplitude is 6mm, oscillation frequency is 2Hz, the oscillation experiment was done on the experimental prototype shown in Fig. 1 . the displacement, velocity and acceleration of the oscillation table were measured using sensors. VOLUME 8, 2020 In order to test the stability of the oscillator, the movement parameters at both sides of the oscillator were measured, shown in Fig.5 . It can be seen that the displacement, velocity and acceleration curves at left and right sides of the oscillation table are close. So the oscillator runs smoothly. Fig. 6 is the displacement error curve between the left and right sides of the oscillation table. And the maximum error is less than 0.5mm which meets the usage requirement. Fig. 7 is the error curve between the velocities of two sides of the oscillation table at the beginning period when the servomotors working. It can be seen that the synchronicity of two servomotors is worse at the beginning period time. But the velocities of both sides tends to be the same and the synchronicity becomes well as time goes on. Therefore, the oscillator can realize non-sinusoidal technology well.
In order to verify the oscillation waveform correctness of the experimental prototype, the theoretical and tested velocity curves are compared, shown in Fig. 8 . It can be seen that the theoretical and tested curves are in good agreement, which ensures the reasonable range of oscillation technological parameters. When casting speed is 1.5m/min, the oscillation technology parameters are given in Table 2 . From table 2, it can be seen that the errors of negative strip time, positive strip time, positive strip velocity and positive strip distance are less than 5%, which ensures the continuous caster working properly and the high surface quality of slab. So the scheme of oscillator driven by double servomotors to realize mold oscillation is feasible.
V. CONCLUSION
Non-sinusoidal oscillator driven by double servomotors can realize non-sinusoidal and sinusoidal oscillation. The oscillation waveform and modification ratio can be adjusted during the caster working. The amplitude can be changed with the oscillator stopping. The sinusoidal and non-sinusoidal oscillation waveform can be switched on line. By controlling the angular speed of the servomotor rotation, the nonsinusoidal oscillation waveform can be realized accurately, and the errors of velocity and displacement waveform are smaller. The double servomotors have high synchronization and the oscillator runs smoothly. In addition, the oscillation technological parameters obtained are within a reasonable error range, which will make the slab surface quality higher.
APPENDIX s
Displacement of oscillation table  v  Velocity of oscillation table  a  Acceleration of oscillation table  α Waveform modification ratio of non-sinusoidal oscillation h
Oscillation amplitude f
Oscillation frequency t Time s l Vertical displacement of point A e
The eccentricity of the eccentric shaft ω e Angular speed of the eccentric shaft ω Angular speed of the servomotor i Transmission ratio of the planetary reducer
